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Abstract. A clustering aspect is explained for the 9Be nucleus in charged-lepton deep
inelastic scattering. Nuclear modifications of the structure function F2 are studied by the
ratio REMC = F
A
2 /F
D
2 , where A and D are a nucleus and the deuteron, respectively. In a
JLab experiment, an unexpectedly large nuclear modification slope |dREMC/dx| was found for
9Be, which could be related to its clustering structure. We investigated a mean conventional
part of a nuclear structure function FA2 by a convolution description with nucleon momentum
distributions calculated by antisymmetrized (or fermionic) molecular dynamics (AMD) and also
by a simple shell model. We found that clustering effects are small in the conventional part, so
that the JLab result could be associated with an internal nucleon modification or a short-range
nuclear correlation which is caused by high densities due to cluster formation.
1. Introduction
Nuclear modifications of the structure function F2 are known as the EMC effect [1], and such
effects are shown by the ratio REMC(x) = F
A
2 (x)/F
D
2 (x), where A and D indicate a nucleus and
the deuteron, respectively, and x is the Bjorken scaling variable. Various mechanisms contribute
to the modifications. At large x > 0.7, nucleon Fermi motion in a nucleus gives rise to increase of
the ratio REMC(x). At medium x (0.3 < x < 0.7), nuclear binding is the major source of nuclear
effects. In addition, modifications of internal nucleon structure could contribute. At small
x < 0.05, the nuclear shadowing effects become prominent. The nuclear structure functions
have been measured from small x to large x for many nuclei, and the nuclear modifications have
been determined by global analyses of experimental data [2].
Nuclei are basically described by a shell model, where nucleons are assumed to move in an
average central potential created by interactions of all the nucleons in a nucleus. However,
cluster structure in a nucleus is not easily described by the shell model with a limited number
of shells. We know that some nuclei in the region of the mass number A ∼ 10 have clustering
configurations. It is interesting to study whether such clustering features appear in the nuclear
structure functions FA2 .
Figure 1. Nuclear modification
slope |d(FA2 /FD2 )/dx|.
In 2009, an anomalously large nuclear effect was reported
by the JLab measurement on the beryllium-9 structure
function F2 as shown in Fig. 1 [3], where the slope is shown
as a functions of the scaled average nuclear density. The
scaled means that the factor (A − 1)/A is multiplied for
removing the struck nucleon. Although other data are on
the smooth curve, the beryllium-9 data is much larger than
the one expected from its average nuclear density.
It is known that the beryllium-9 has a clustering
configuration with two α nuclei and surrounding neutron
clouds. Therefore, such an unexpected nuclear modification
could come from the cluster formation in the nucleus. We
investigated such a possibility by using a convolution description for the structure function
FA2 with nucleon momentum distributions calculated by antisymmetrized molecular dynamics
(AMD) and also by a simple shell model for comparison [4]. Then, possible reasons are suggested
for the large slope of 9Be due to the cluster formation in the nucleus.
2. Clustering effects in nuclear structure functions
Figure 2. Convolution for FA2 .
The standard method for describing the nuclear structure
functions FA2 is to use the convolution description [5]
for describing a mean conventional part. The structure
function FA2 is given by the nucleonic one F
N
2 convoluted
with a nucleon momentum distribution in the nucleus f(y)
[1, 5] as shown in Fig. 2:
FA2 (x,Q
2) =
∫ A
x
dy f(y)FN2 (x/y,Q
2),
f(y) =
1
A
∫
d3pN y δ
(
y − pN · q
MNν
)
|φ(~pN )|2, (1)
where y is the momentum fraction y = MA pN · q/(MN pA · q) ≃ Ap+N/(p+A) with a light-cone
momentum p+.
The momentum density |φ(~pN )|2 is calculated by two methods, antisymmetrized molecular
dynamics (AMD) [6] or fermionic molecular dynamics (FMD) [7], and a simple shell model for
comparison. The AMD and FMD are essentially the same, so that we use the notation AMD
hereafter. The AMD is a variational method, and its advantage is that there is no a priori
assumption on nuclear structure whether it is a shell or cluster-like configuration. A nuclear
wave function is given by the Slater determinant of single-particle wave functions
|Φ(~r1, ~r2, · · ·, ~rA)〉 = 1√
A!
det[ϕ1(~r1), ϕ2(~r2), · · ·, ϕA(~rA)]. (2)
Here, a nucleon is described by the single-particle wave function ϕi(~rj) = φi(~rj)χi τi, where χi
and τi indicate spin and isospin states, respectively. The function φi(~rj) is the space part of the
wave function, and it is assumed to be given by the Gaussian functional form:
φi(~rj) =
(
2ν
π
)3/4
exp

−ν
(
~rj −
~Zi√
ν
)2 , (3)
where ν is a parameter to express the extent of the wave packet. The center of the wave packet
is given by ~Zi/
√
ν, where ~Zi is a complex variational parameter. The variational parameters
are then determined by minimizing the system energy with a frictional-cooling method. We use
effective NN interactions which could describe gross properties of nuclei:
2-body: V2 = (1−m−mPσPτ )
[
v21e
−(r/r21)2 + v22e
−(r/r22)2
]
,
3-body: V3 = v3 δ
3(~r1 − ~r2) δ3(~r2 − ~r3),
LS: VLS = vLS
[
e−(r/rLS1)
2 − e−(r/rLS2)2
]
P (3O) ~L · ~S, (4)
where m, v21, v22, r21, r22, v3, vLS , rLS1, and rLS2 are constants.
The momentum distributions of Eq. (1) are also calculated in a simple shell model, where
the potential is the harmonic-oscillator type (MNω
2r2/2), for clarifying cluster effects by
comparing two results. Its wave function is separated into radial- and angular-dependent parts:
ψnℓm(r, θ, φ) = Rnℓ(r)Yℓm(θ, φ) where r, θ, and φ are spherical coordinates, and n, ℓ, and m are
radial, azimuthal, and magnetic quantum numbers, respectively. The function Yℓm(θ, φ) is the
spherical harmonics, and the radial wave function is given by
Rnℓ(r) =
√
2κ2ℓ+3(n− 1)!
[Γ(n+ ℓ+ 1/2)]3
rℓe−
1
2
κ2r2L
ℓ+1/2
n−1 (κ
2r2), (5)
where L
ℓ+1/2
n−1 (x) is the Laguerre polynomial, and κ is defined by κ ≡
√
MNω.
Figure 3. Density of 9Be by AMD.
As a result, we obtain the two-dimensional spacial
density of the 9Be nucleus in Fig. 3. It obviously
indicates the existence of two α clusters, together with
surrounding neutron clouds. In a simple shell model,
such clusters do not appear, and the density is a
monotonic distribution. If the averages are taken over
polar and azimuthal angles θ and φ, the distributions
becomes the ones in Fig. 4. After the averages, the
cluster structure is no longer apparent. Because the
nucleons are confined mainly in two separate regions,
the radial distribution is shifted toward large-r region
for 9Be in Fig. 4 as shown by the solid curve in
comparison with the dashed one.
The momentum distributions in Fig. 5 are calculated from the spacial distributions. Both
AMD and shell-model results are shown for 4He and 9Be. The momentum distribution of the
AMD is shifted toward the high-momentum region in 9Be, which is caused by the fact that the
dense clusters are formed within the 9Be nucleus. If nucleons are confined in the small space
regions of the clusters as indicated by the AMD, it leads to an increase of high momentum
components.
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Figure 4. Spatial distributions. Figure 5. Momentum distributions.
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Figure 6. F
9Be
2 /F
D
2 by shell and
AMD models.
The modifications of the momentum distributions should
affect the nuclear structure function in Eq. (1), and the
results are shown for the structure function F2 in Fig. 6.
There are two theoretical curves by the AMD and shell
model. In general, the theoretical ratios are consistent with
the data in the sense that the ratio decreases at medium
x and it increases at large x. These decrease and increase
are caused by the nuclear binding and the nucleon’s Fermi
motion, respectively. However, the simple convolution
model is not sufficient to explain the experimental data.
The differences should be attributed to the effects of short-
range nucleon-nucleon correlations and modifications of
internal nucleon structure. The correlation effects change the theoretical ratios toward the
experimental data at x = 0.6 − 0.8. Since we are interested in an order-of-magnitude estimate
of clustering effects, we did not step into such details in this work. In any case, the differences
of the two curves, namely the clustering effects, are not large and they are of the same order of
experimental errors. In Fig. 6, we found that the clustering effects are rather small in the mean
conventional part of FA2 . Therefore, there should be other sources for the large slope of
9Be.
We consider that the nuclear structure functions consist of the mean conventional part and the
remaining one depending on the maximum local density:
FA2 = (mean part) + (part created by large densities due to cluster formation). (6)
The first part was calculated by the convolution model as shown in Fig. 6, and the second part
seems to be important for explaining the JLab 9Be result. The second term is associated with
the modification of internal nucleon structure and/or a short-range correlation caused by the
cluster formation.
Figure 7. Nuclear modification
slopes shown by maximum local
densities.
Although we do not step into detailed calculations in this
work, we would like to find whether such an idea works. If
the physics mechanism behind the JLab 9Be result is related
to the cluster formation, observables could be interpreted
by the cluster densities. For such estimates, we calculated
maximum local densities by both AMD and shell models,
rather than the average nuclear densities. In Fig. 7, the
JLab data are plotted by the maximum local densities
calculated in the AMD and shell model. The maximum
densities are almost the same in the nuclei, 3He, 4He, and
12C, whereas the AMD density is much different from the
shell-model one for 9Be. According to the shell model with
a limited number of shells, the cluster formation, namely
the large densities, cannot be described, and it leads to a small maximum density of 9Be in Fig.
7. It is also interesting to find that there is also a small cluster effect in the 12C. From Fig.
7, we find that all the data are on the smooth curve if the density is calculated by the AMD
for 9Be; however, it is far away from the curve if it is evaluated by the shell model. The figure
indicates that the large nuclear modification slope |dREMC/dx| of 9Be should be related to the
high densities created by the cluster formation.
The JLab measurement could be the first result on a clustering aspect of a nucleus in high-
energy nuclear reactions. It could be associated with internal nucleon modifications and/or
short-range nuclear correlations, which are caused by the high densities due to the cluster
configuration. In future, there will be measurement for other nuclei, such as 6Li, 7Li, 10B,
and 11B [8], so that much detailed information will become available.
3. Summary
The large nuclear modification slope of the structure function F2 was found for
9Be, which has
a typical cluster configuration. We showed that the clustering effects are rather small in the
mean conventional part by using the convolution model for the structure functions FA2 with the
momentum distributions calculated in the AMD and also in the shell model. The JLab result
should be associated with the high-density formation due to the clusters in the 9Be nucleus.
We showed it by plotting the JLab data as a function of the maximum local density of a
nucleus. We have not clarified the physics origin behind its result. However, it is likely to be
modifications of internal nucleon structure in the nuclear medium and/or short-range nucleon-
nucleon correlations in the dense clusters. There is an approved experiment at JLab to measure
the EMC effects in the mass region A ∼ 10, so that much details will be investigated in the
near future for possible clustering effects in deep inelastic scattering (DIS). The cluster physics
has been investigated mainly in low energy nuclear reactions; however, DIS processes could shed
light on new aspects in both cluster physics and nuclear structure functions. Cluster physicists
have an opportunity to play a major role in high-energy hadron physics.
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